Abstract: Kidney ischemia-reperfusion (I/R) accounts for the majority of acute kidney injury cases, whose consequences are commonly encountered after kidney transplantation. Optical coherence tomography (OCT) has been applied to image changes in kidney microanatomy and microcirculation. In this paper, we demonstrate a quantitative method for monitoring kidney status during I/R process using texture properties of OCT images. This approach employs skewness to measure the distribution of en face OCT image intensities at different depths, thus allowing differentiating I/R status of kidney. The skewness analysis based on quantitative intensity shows promise for monitoring kidney status during I/R and the potential for evaluating the viability of transplant kidney.
Introduction
Optical coherence tomography (OCT) [1] , [2] is an established modality for non-invasive assessment of diseases. As a result, OCT image analysis is becoming increasingly important. Texture analysis has been actively investigated for tissue characterization [3] - [6] . The potential of texture analysis has been demonstrated in numerous biomedical applications, including OCT imaging of the skin [7] , bladder [8] , eye [9] , atherosclerotic plaque [10] , esophagus [11] , and breast [12] . In general, texture analysis techniques can be classified into three groups: statistical technologies [3] - [10] , spectral technologies [11] , [12] , and structural technologies [13] . The choice of optimal method for texture analysis may vary depending on the specific biomedical applications.
OCT and its functional extension (Doppler OCT [14] and optical microangiography (OMAG) [15] ) have been used for imaging kidney microanatomy [16] , [17] and microcirculation [18] , [19] . OCT can resolve renal corpuscles and uriniferous tubules [16] . The morphological changes in these structures are associated with ischemia-reperfusion injury [17] . Automatic algorithm for image analysis algorithm has been developed previously for quantifying spatially-resolved tubular diameter as a potential biomarker for indicating viability of the transplant kidney [17] , [20] . In these previous studies, the tubular lumens were segmented out from cross-sectional OCT images of kidney microstructure based on an empirically-determined intensity threshold [16] - [18] . However, as OCT intensity is attenuated with depth, segmentation of deeper tubular lumens based on one fixed threshold becomes challenging.
Previous studies have demonstrated that dramatic shrinkage of tubular lumens occurs during ischemia due to the swelling of tubular epithelial cells, and tubular lumens gradually recover after reestablishment of blood flow [17] . The overall goal of this study is to develop a simple and effective texture analysis method for OCT to monitor renal morphological changes associated with ischemiareperfusion injury. The proposed method is based on regional histograms of intensity distribution of en face OCT images. In this study, we investigate the feasibility of using skewness [21] to measure asymmetry of the histogram distribution of en face OCT intensity. Significant differences in the size of hollow structures in the kidney (including renal tubules and glomeruli) were observed during ischemia-reperfusion process. Histogram statistical analysis is shown to be a promising method to provide a reliable indication of tubular swelling due to ischemic insults.
Materials and Methods
All animal experiments were performed in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80-23), and the protocol was approved by the Institutional Animal Care and Use Committee of the University of Maryland, College Park campus.
Samples
In vivo OCT imaging was performed on Munich-Wistar rats (n = 3). Each rat (weighing 300-350 g) was anesthetized with isoflurane/O 2 (4% induction, 1.5% during operation, O 2 1 L/min). The abdominal cavity was opened through a midline incision. The left kidney was exposed through laparotomy of the left flank region and the kidney was securely placed in a Lucite holder to minimize imaging artifacts due to respiratory movement [17] , [18] . The animal was then placed under the OCT microscope with left kidney beneath the objective for in vivo imaging. During the experiments, we tried to make the ROI surface as flat as possible to reduce the de-focused effect. Renal ischemia was induced by applying a tension on the silk loop to occlude both renal artery and vein. After 30 minutes, the silk loop was released to allow for renal reperfusion [17] . Three-dimensional volumetric data at different time points (before clamping, 5-min after clamping, 30-min after clamping, 10-min after reperfusion, and 30-min after reperfusion) were captured.
Optical Coherence Tomography
A high-speed, high-resolution swept-source OCT (SS-OCT) system was used in this study. The details of the SS-OCT system have been described previously [17] , [18] , [22] - [24] . Briefly, the system utilized a swept-source laser centered at 1310 nm with 100 nm bandwidth, yielding an axial resolution of ∼ 10 μm in tissue. A 10× objective (LSM02, Thorlabs, Inc.; effective focal length 18 mm, working distance 7.5 mm) was used in the sample arm. The output power is ∼ 4.5 mW on the sample. The light source operated at a sweep rate of 16 kHz, allowing a series of two-dimensional cross-sectional images to be captured in real time to form a 3-D data set (1.
For each animal, the OCT images were obtained from three to five locations of each kidney.
Skewness
Skewness is a measure of asymmetry of a histogram distribution [25] , which indicates the balance between the positive and negative tails. A negative value of skewness indicates that the left tail is longer and the mass of the distribution is concentrated on the right side of the histogram. On the contrary, a positive value of skewness indicates that the right tail is longer and the mass of the distribution is concentrated on the left side of the histogram.
Histogram H of a gray image can be described as
where N and n i are the number of pixels for the entire image size m × n and for different gray level, respectively, and L is maximum gray level (255). The skewness of the histogram is defined as [18] :
where μ and σ are mean and standard deviation of intensity of the gray image, respectively, with
As hollow structures in the kidney (including tubular lumens and glomeruli) appear to be low gray level (low backscattering) in OCT image, they contribute to the left tail of OCT image histogram. During kidney ischemia-reperfusion, the lumens of renal tubules gradually close and then gradually open, and histograms of the images change accordingly. However, as OCT signal intensity attenuates with depth, signals from deeper parenchyma also contribute more to low gray level region of the histogram, which confounds with the contribution from tubular lumens. Thus, we analyze OCT intensity in a depth-dependent way as described below.
As kidney surface is uneven, a pre-processing algorithm was first used to identify the boundary between air and the kidney surface. This position served as the initial point (i.e., depth = 0 μm) to measure the image plane depth. At the boundary between the air and tissue, since the gray values of OCT signal at kidney surface are higher than those of background (air), the threshold value was chosen using Otsu's method [26] to determine the boundary. The flattening algorithm is then applied to all original OCT images to make the kidney surface flat.
Secondly, a region of interest (ROI) of 1.
was selected. This volume was big enough to include sufficient tubules for histogram statistics, as the fine tubulars are about 30-40 μm in diameter [27] . OCT pixel intensity distribution at different depth within the selected ROI was then represented as a histogram to calculate the skewness. Fig. 1 shows 3D OCT image, cross-sectional OCT image of kidney and representative en face OCT images at different depths. The histograms at different depths are plotted in Fig. 2 , and the skewness of en face OCT image at all depths is calculated and shown in Fig. 3. Fig. 3 can be divided into two parts. The superficial region (depth = 0−50 μm) mainly contains connective tissues (capsule). En face OCT images in Fig. 1(c) and (d) are within this region, and OCT image of capsule shows high reflectivity [bright spots in Fig. 1(d) ]. In addition, Fig. 2(a) shows that skewness in this region fluctuates with depth. Skewness measures the asymmetry of the histogram distribution of en face OCT image at different depths, which is related to the profile of histogram distribution. The central value (peak) increases initially then decreases with depth, while the width of the histogram distribution profile increases with depth, as shown in Fig. 2(a) . Thus, the left tail becomes longer at the beginning then gets shorter, and there is a valley in the skewness [see point (a) in Fig. 3 ] in this region.
Results
The other region is the part with depth > 50 μm [see point (b) and deeper in Fig. 3 ]. This region mainly contains tubular lumens and renal parenchyma. En face OCT images [see Fig. 1 
(e)-(h)]
show that uriniferous tubular lumens appear to be low backscattering (dark region) as hollow structures, while renal parenchyma appears to be high backscattering (bright region). The gray values decrease with increasing depth, which is consistent with change in the central value of histogram distribution profile in Fig. 2(b) . Fig. 2 (b) also indicates that the left tail becomes shorter with increasing depth, and the peak of distribution increases initially and then decreases. Thus, the skewness reaches the minimum at the depth of 105 μm as shown in point (c) of Fig. 3 .
When skewness equals to zero, there is a balance between the left and the right tails of gray level distribution profile. Dark areas of tubular lumen (see Fig. 1 ) dominate the left tail of histogram distribution. With increasing depth, gray value of kidney parenchyma decreases, and the gray level of tubular lumen becomes closer to that of the parenchyma. We calculated the image contrast defined as the ratio of standard deviation and mean of pixel gray values. Fig. 4 shows that the contrast is approximately zero at surface and increases sharply within the superficial layer, as this layer contains both connective tissues (capsule, high reflectivity) and tubular lumens (low reflectivity). After this point, the contrast decreases with depth, since the gray values from both tubular lumens and parenchyma become similar. In the region of depth < 200 μm, in which the skewness is largely negative as shown in Fig. 3 , the contrast is higher than 0.15. In this region, the tubular lumens and parenchyma can be readily distinguished. Therefore we focus on this region for analysis of renal ischemia-reperfusion process. Fig. 5 shows the en face OCT images of kidney at different depths during ischemia-reperfusion process. Before clamping the renal vessels, there are numerous open tubular lumens as shown in Fig. 5(c-1) and (d-1) , and some regions with open tubular lumens in Fig. 5(b-1) , which could be located at the boundary between capsule and renal cortex. Five-minute of renal ischemia results in rapid epithelial cell swelling in the tubular lumens, especially in the proximal convoluted tubules that locate at the superficial parenchyma of the kidney cortex [see , the density and diameter of tubular lumens after 30-minute reperfusion are larger than those after 10-minute reperfusion. Additionally, the tubular size and density after 30-minute recovery shows a slight decrease compared to that before ischemia, which is similar to what we have observed before [14] . Finally, there is an obvious difference in capsule comparing Fig. 5(a-1) and (a-5) , which demonstrate that the structure changes occurred near the capsule layer during ischemia-reperfusion process take longer time to recover to the initial status. Fig. 6(a) shows depth-dependent skewness at different statuses of renal injury. There are two valleys in each skewness curve. The first valley's position (downward pointing arrow) doesn't shift significantly during the ischemia-reperfusion process, though the skewness value changes. Both the position and the value of the second valley (upward pointing arrow) change at the different statuses of renal injury/reperfusion. Furthermore, Fig. 6(b) shows that there is a significant difference in the depth interval between these two valleys. And Table 1 shows an obvious difference of skewness at different statuses. This result suggests that the interval of the two valleys of skewness from en face OCT image could be used to monitor the ischemia-reperfusion process of kidney.
Discussions
OCT can provide high-resolution 3-D imaging of kidney in real time, which can be used to quantitatively monitor kidney microanatomy at different statuses [16] - [18] , [20] . In previous studies, image analysis was performed on cross-sectional OCT images. During image analysis, the tubular lumens were firstly segmented out from cross-sectional OCT images based on an empirically-determined intensity threshold, and then the diameter/area/volume of tubular lumens [17] , [20] can be calculated. This approach is not fully automatic, as it needs to select an empirical threshold value to segment the tubule. Fig. 7(a) shows the comparison of skewness and segmented area (with a threshold value = 82) with areas at different depths for the status of before clamping. Fig. 7(b) shows depth-dependent segmented tubule lumen areas at different statuses of renal injury. The trends are different from those of skewness as shown in Fig. 6(a) . Tubular lumen area at different depth shows different trend during ischemic-reperfusion injury as shown in Fig. 7(c) . An integrated volume is sum of the areas of tubule lumens at the different depth, and Table 2 shows an obvious difference of volumes The texture analysis algorithm (skewness) applied in this study is a completely automatic calculation method. Skewness value and position shift can be used to quantitatively evaluate the changes in tubular lumens during ischemia-reperfusion injury. This method provides quantitative information regarding changes in superficial uriniferous tubules. Since such changes can be used to predict post-transplant renal function, our method can potentially be applicable in evaluating the status of donor kidneys prior to and after their transplantation as an alternative to the conventional approach (image segmentation with empirical threshold).
Conclusion
In summary, a fully automatic texture analysis algorithm has been developed for OCT image analysis of kidney microanatomy during ischemia-reperfusion process. The texture analysis method is based on intensity-based statistics of en face OCT images. We demonstrate its performance in monitoring ischemia-reperfusion process of rat kidney in vivo. This method has the ability for detecting tubular structure alterations caused by ischemia-reperfusion injury on kidney and has the potential for evaluating post-transplant viability of donor kidneys.
